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SUMMARY Mitral valvular regurgitation consistently modified the wave form of the first derivative of
the transthoracic impedance cardiogram. The transthoracic impedance cardiogram was recorded in 23
control subjects (group 1), and 23 patients with isolated mitral regurgitation (group 2). Simultaneous
transthoracic impedance cardiogram, electrocardiogram, and mitral valve echocardiograms in group 1
showed that the primary diastolic wave ("O") of the transthoracic impedance cardiogram occurred
synchronously with the maximal opening of the mitral valve. In group 2, the primary systolic wave

(dZ/dt max) was diminished, and the "O" of the transthoracic impedance cardiogram was raised. The
area under the systolic wave of the transthoracic impedance cardiogram (S) and the area under the
diastolic opening of the transthoracic impedance cardiogram (D) were measured and the ratio D/(D+ S)
calculated. This ratio, called the mitral regurgitation fraction was (0.50 ±0-14) in group 2 which was higher
than that found in group 1 control subjects (0 11 +0.08). The mitral regurgitation fraction (15 to 77%)
determined by the impedance method was closely correlated with the mitral regurgitation fraction
(20 to 74%) obtained during cardiac catheterisation; it also increased during isometric handgrip and
decreased during amyl nitrite inhalation. In three mitral regurgitation patients the transthoracic im-
pedance cardiogram returned to normal configuration after surgical implantation of a prosthetic mitral
valve. These data suggest that the transthoracic impedance cardiogram is quantitatively altered in patients
with mitral regurgitation.

The first derivative transthoracic impedance cardio-
gram is a reproducible wave form with recognisable
components.' Fig. 1 shows the relation between
these components of the impedance cardiogram and
the electrocardiographic and phonocardiographic
events as described by Lababidi et al.2 These
authors emphasised the synchronous relation
between the "O" point of the impedance cardio-
gram and both the phonocardiograph opening snap
and the "O" point of the apex cardiogram in
patients with mitral stenosis. Quantitative measure-
ments of portions of the impedance cardiogram
relate to cardiac output in normal subjects, but are
unreliable in patients with either left-to-right
shunts or valvular insufficiency.3 Preliminary data
from our laboratory suggested that the height of the
"O" point was increased in patients with mitral
regurgitation.4 This paper describes the impedance
cardiogram wave form changes occurring in patients
with mitral valvular regurgitation and explores the
*Supported in part by a grant from the American Heart Association.
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degree to which these changes relate to the severity
of disease.

Methods

The impedance cardiogram was recorded in 23
control subjects (group 1) ranging in age from 15 to
55 years (mean 25 years). Twelve of these subjects
underwent cardiac catheterisation for the evaluation
of atypical chest pain and had normal findings, in-
cluding selective coronary angiography. The other
11 subjects who did not undergo cardiac catheterisa-
tion were normal volunteers with no clinical evi-
dence of cardiac disease as evidenced by normal
history, physical examination, electrocardiogram,
and echocardiogram.
The study group was formed by 23 consecutive

patients with isolated mitral valvular regurgitation
(group 2) ranging in age from 18 to 65 years (mean
30 years). The severity of the mitral regurgitation
was assessed by cardiac catheterisation as described
below. The transthoracic impedance cardiogram
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was recorded in subjects from both groups. Four
aluminium electrodes with adhesive backing were
placed circumferentially around the neck and
abdomen in a standard position.' The outer two
electrodes were connected to a constant current
source providing a constant sinusoidal current at
100 KHz. The inner two electrodes were connected
to a high impedance amplifier and suitable circuits
(Minnesota impedance cardiogram, model 202) to
record the change in electrical impedance during the
cardiac cycle. After a 1 ohm s-1 calibration signal,
the first derivative of the change in impedance was
recorded (Electronics for Medicine recorder, model
DR-16) simultaneously with the electrocardiogram
at a paper speed of 100 mm/s. All of the impedance
cardiogram recordings were performed in held
expiration with avoidance of the Valsalva manoeuvre
to minimise respiratory variations. The impedance
cardiograms were recorded after the determination
of forward cardiac output and before the left ven-
tricular angiogram in patients undergoing cardiac
catheterisation.
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Fig. 1 The impedance cardiogram, electrocardiogram,
and phonocardiogram tracings in a control subject
showing the measurements for determining the areas
S and D. The "C" is the calibration signal equal to
I ohm/s for the impedance cardiogram. The B point
of the impedance cardiogram occurs synchronously
with the first heart sound, and the B point marks the
beginning of the isovolumetric contraction of the left
ventricle. The X point occurs synchronously with the
maximal deflection of the aortic sound (A2). The
"O" point has been shown to occur synchronously with
maximal mitral valve opening. A line is drawn joining
the B points of two successive heart beats. This line
crosses the impedance cardiogram at three points
during one cardiac cycle, B, 01, and 02, The portion
of the impedance cardiogram under dZ/dt max and above
the line BB' defines an area during systolic ejection (S).
The portion of the impedance cardiogram under the
"O" point and above the same line defines an area
during early diastole (D). The RR interval is the
interval between the two successive QRS complexes
measured in milliseconds (ms).
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Fig. 2 Simultaneous recordings of the electrocardiogram
(ECG), echocardiographic mitral valve tracing
(Echo), and the impedance cardiogram (ICG).
The echocardiographic maximal mitral valve opening
(E point) occurs synchronously with the ICG "0"
point (0).

Fig. 1 illustrates the impedance cardiogram re-
cording in a control subject without mitral regurgi-
tation. The phonocardiogram and electrocardio-
gram were recorded as reference markers to define
the wave form points and areas studied. Phonocardio-
grams were recorded from the second right inter-
costal space in all subjects with a frequency filter set
from 50 to 100 Hz. The mitral impedance regurgi-
tant fraction (RFi) was calculated as a ratio of the
areas DID±+S.

Simultaneous echocardiograms of the mitral
valve, impedance cardiograms, and electrocardio-
grams were recorded in 11 control subjects (Fig. 2).
The echocardiogram was recorded using a Smith
Kline Ekoline-20 Ultrasonoscope with2a25 or 3s5
mHz transducer with a 1 mistransmission time and a
repetition rate of 1000/s. The intervals from the Q
wave of the electrocardiogram to the "0" point
of the impedance cardiogram and the Q wave to the
echocardiograph maximal opening of the mitral
valves (E point) were measured.
The effects of isometric exercise and amyl nitrite

inhalation upon the impedance cardiogram were
evaluated in five normal subjects from group 1 and
12 subjects with mitral regurgitation from group 2.
The impedance cardiogram was recorded during the
second minute of sustained isometric handgrip
(25% of the predetermined individual maximum).
After a five minute rest period the impedance
cardiogram was recorded in these subjects during
inhalation of amyl nitrite.
Three patients with mitral regurgitation had

both preoperative and postoperative impedance
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cardiograms. Fig. 3 illustrates both the preoperative
impedance cardiogram and the changes that oc-
curred after the placement of a prosthetic mitral
valve.
The severity of the mitral valvular regurgitation

was assessed in group 2 subjects during cardiac
catheterisation. Cardiac output was determined by
the Fick method and the stroke volume calculated.
Expired air was collected for three minutes in a
Douglas bag and the percentage of oxygen measured
using a Beckman oxygen analyser. The arterio-
venous oxygen differences were measured using an
Instrumentation Laboratory Co-oximeter. Left
ventricular single plane cineangiograms in the right
anterior oblique projection were performed during
held deep inspiration within 15 minutes after the
Fick cardiac output measurements.5 The cineangio-
graphic left ventricular volumes (end-diastolic and
end-systolic) were determined by the area-length
method.6 7 The estimates of the true left ventricular
volumes were obtained by correcting these angio-
graphic volumes by using the unified regression
formulae.8 For calculated end-diastolic volume
greater than 110ml/m2 body surface area and/or
ejection fraction less than 40 per cent, the unified
formula was used. Mitral regurgitant fraction was
calculated by dividing the difference between the
angiographic left ventricular stroke volume and
forward fixed stroke volume by the angiographic
left ventricular stroke volume.9-11
One way analysis of variance was used to examine

the significance of group difference. The paired t
test was used to determine the significance of
changes during isometric exercise and amyl nitrite
inhalation. Linear regression analysis was used to
evaluate the correlation between the two methods.
The estimates of reliability were obtained using an
intraclass correlation coefficient.12

Results

The impedance cardiogram measurements in
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Fig. 3 ICG recordings in mitral regurgitation and
post-mitral prosthesis in the same patient. The "O"
point is raised and D is a larger proportion of S with
mitral regurgitation. The "O" point returned to normal
and D became a smaller proportion of S with
prosthetic valve placement.

normal subjects and patients with mitral regurgita-
tion are described in Table 1. There were significant
differences between the normal subjects and those
with mitral regurgitation. The height of the "O"
point (ohms s-1) and the area under dZ/dt/max (S)
were different. The calculated mitral RFi (the ratio
D/D+S) in group 2 (0-50 ±0-14) was greater than
control (0 11 ±0 08). The RR intervals in both were
similar. Thus, these data demonstrate consistent

Table 1 Mean ± SD offirst derivative impedance cardiogram measurements in conztrol subjects and
mitral regurgitation patients

Subjects dzldt max X"" S D Mitral RFi RR interval
(ohms s-1) (ohms s-') (ohms s-') (ohms) (ohmns) Dl(D-tS) (ms)

Group 1
Control subjects (n-23) 2-66 ±073 0-85 ±037 0 45 ±0-28 2-94 ±1 06 0 44 ±0-39 0-11 -±008 894 ±239
Group 2
Mitral regurgitation subjects (n -23) 1-38 ± 1-12* 0 55 ±0 50 0-98 ±0 43* 1 09 ±0-76* 1-03 ±0 50* 0-50-!-0-14* 799 217

*Significance level less than 0-05 from group 1 (control subjects).
The statistical significance levels were determined by one way analysis of variance.
S and D are areas under dz dt max and "O" as defined.
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changes in the impedance cardiogram wave form in
patients with mitral regurgitation.

Fig. 4 shows the relation between the mitral RF1
and the catheterisation regurgitant fraction. In the
12 control subjects who underwent cardiac cathe-
terisation, the average forward stroke volume
(SVF) by Fick method was 65 ml while the average
angiographic left ventricular stroke volume (SVA)
was 59 ml. These stroke volumes were closely
related (SVA=0.91 x SVF-1 79, r=0 90), indicating
that these two methods correlate highly in our

laboratory. Fig. 5A shows the quantitative effects of
isometric handgrip exercise on the areas S and D
and the mitral RF in 12 patients with mitral
regurgitation. The area S did not change, but the
area D increased significantly from 0 75 to 1-22
ohms. The mitral RF1 increased significantly from
0-47 to 0 57. The RR interval decreased from 920 to
700 milliseconds (p < 0 01) which is consistent with
an increase in heart rate in response to isometric
exercise. In contrast, the control subjects (Table 2)
not show any significant impedance cardiogram
changes.

Fig. 5B shows the effects of amyl nitrite inhalation
in five of these 12 patients with mitral rgurgitation.
The area S increased significantly from 0-90 to
1-54 ohms while the area D showed no significant
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Fig. 4 Correlation between percent regurgitation
estimated from the impedance cardiogram, mitral
RFI, and mitral regurgitant percentage calculated
from angiographic left ventricular stroke volume and
forward stroke volume. The centre heavy line is a
regression line and dotted lines indicate the 95 per cent
confidence region for new observations.

Table 2 Quantitative effects of isometric handgrip
exercise and amyl nitrite inhalation in five control subjects

Condition S D Mitral RFI RR interval
(ohms) (ohms) (Ms)

Resting 2-27 ±0-41 0-43 ±0-20 0-15 ±0-04 1060 ±100
Handgrip 1-97 ±0-38 0-28 ±0-33 0-11 ±0-10 904 ±59*
Amyl nitrite 190 ±0-76 0-43 ±0-30 0-17 ±0-08 648 ±110*

*Indicates significance level at 5 per cent level from resting condition.
The RR interval decreased significantly with these alterations in
afterload but the mitral RFi did not show any significant change.
These indicate that the mitral RFI does not change when there is no
change in mitral regurgitation, which is true in these control subjects

change. The mitral RF decreased significantly from
0 53 to 0 33. The RR interval decreased from 800 to
500 milliseconds (p <001). The mitral RF in
control subjects (Table 2) showed no significant
change with amyl nitrite.
The presence of mitral regurgitation interfered

with the ability of the impedance cardiogram to
predict the stroke volume. The area S, when com-
pared with the forward stroke volume and angio-
graphic stroke volume in all 23 patients with mitral
regurgitation, was found to have a linear regression
correlation of r=0-40 and r=0-48, respectively.
Furthermore, the area D was found to have a linear
regression correlation of r=0-50 when compared
with the cardiac catheterisation determined mitral
regurgitant volume.
The intraclass correlation coefficient (RFi)

estimates the correlation between repeated measure-
ments made on the same subjects from different sets
of recordings. The observed intraclass correlation
coefficients of the impedance cardiogram measure-
ments from beat to beat and between the average
of three beats obtained from two different sets of
recordings were all greater than 0-85. These data
indicate a high degree of reproducibility.

Fig. 3 illustrates the impedance cardiogram
tracings in a patient with mitral regurgitation both
before and after placement of a prosthetic mitral
valve. There is a distinct decrease in the "O" point
toward normal after mitral valve replacement. This
decrease in the height of the "O" point was noted
in all three patients (Table 3).

Discussion

The physical principles which govern changes in the
impedance cardiogram are not completely under-
stood. Kubicek and others using simultaneous
recordings of the impedance cardiogram and aortic
flow measurements in the dog demonstrated that
the peak dZ/dt max is correlated to the peak aortic
ejection rate.13 We have described an impedance
cardiogram wave form abnormality which is in-
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fluenced by aortic regurgitation and have shown
that this abnormality is related to the clinical
severity of the lesion.'4 The consistent changes in
the impedance cardiogram with mitral regurgitation
described herein show that the impedance cardio-
gram reflects changes caused by mitral regurgitation.
The expression (D+ S) was used to incorporate

both the regurgitant volume D and stroke volume S

as the left ventricular stroke output. Thus the ratio
D/D+ S resembles the usual regurgitant fraction
formula: regurgitant volume divided by left ven-
tricular stroke volume. Multiple factors, including
chest size and configuration, might be expected to
affect the absolute values of the impedance cardio-
gram measurements. These factors, however,
would be expected to affect both the systolic and
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0.4[Fig. 5 Bar graphs demonstrating change
in the impedance cardiogram indices
(mean+ SD) S, D, and mitral RF1
caused by isometric handgrip in 12 mitral
regurgitation patients and by amyl nitrite
inhalation in five mitral regurgitation
patients. The S and D are in ohms and
mitral RFj is in per cent. Note that the
scale for mitral RFI begins at 30 per cent
instead of 0 per cent. NS= not significant.
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Table 3 Summary of impedance cardiogram indices in three patients with mitral regurgitation before and
after mitral valve replacement

Condition dz/dt max S "O" D Mitral RFi RR interval
(ohms s-1) (ohms) (ohms s-1) (ohms) (ms)

Presurgical (n =3) 1-3 ±0-14 1 1 ±0 3 0 9 ±0t35 1-05 ±04 0-6 ±010 870 ±200
After mitral valve replacement (n =3) 2-4 ±0-50* 2-2 ±0 1* 0-2 ±0 1* 0-15 ±0-12* 0-08 ±007* 850 ±180

*Significantly different at p < 0 05 from presurgical values.
No significant change in RR interval in both conditions. These values are from the same patients before and after mitral valve replacement.
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diastolic portions of the impedance cardiogram in a
similar fashion. Therefore, a ratio of D/D+S, the
mitral RF1 would be expected to be less affected by
these external factors.
The characteristic changes observed in the im-

pedance cardiogram of patients with mitral regurgi-
tation do appear related to the lesion. The pro-
nounced diastolic "O" wave in mitral regurgitation
coincides with early rapid diastolic filling of the left
ventricle.3 The mitral RF1 changes in patients with
mitral regurgitation who perform both isometric
handgrip and inhaled amyl nitrite are consistent
with this hypothesis. Isometric handgrip, by in-
creasing the left ventricular afterload, increases
mitral regurgitation. This was reflected by a larger
mitral RFi. In contrast, amyl nitrite, a drug which
decreases left ventricular afterload, thus decreasing
mitral regurgitation, decreased mitral RF,. In
three patients, who underwent surgical replacement
of the mitral valve, the "O" point of the impedance
cardiogram, which had been increased, returned to
a normal configuration, further suggesting that
these impedance cardiogram changes are related to
the haemodynamic abnormality.
The areas S and D of the impedance cardiogram

did not correlate respectively with either the for-
ward or the regurgitant stroke volumes. Though
quantitative studies have validated the usefulness
of the impedance cardiogram to monitor left ven-
tricular stroke volume in normal subjects,'5-'7 poor
correlation of the impedance to cardiac cardiogram
output in patients with regurgitant lesions has been
described.3 During systolic ejection, stroke volume
moves both into the aorta from the left ventricle
and into the left atrium. These blood volumes
moving in two different directions may be cancelling
some of the signal responsible for the dZ/dt max.
Therefore, dZ/dt max is lower in mitral regurgitation
and does not correlate with the angiographic
stroke volume. The impedance cardiogram signal
may be responding, in part, to the changes in blood
velocity which may be causing the alterations in the
impedance cardiogram wave form independent of
the stroke volume. We have shown that in dogs with
acute experimental aortic regurgitation, changes in
the impedance cardiogram wave form are produced,
which are quantitatively related to directional blood
flow within the aorta as measured by an electro-
magnetic flow probe.'8
The impedance cardiogram is a relatively simple

non-invasive technique which allows repeated
studies of patients with mitral regurgitation.
Changes in the impedance cardiogram correlate with
the severity of mitral regurgitation as measured
during cardiac catheterisation. Because the factors
which affect the impedance cardiogram are not

completely understood, the utility of this instrument
in measuring the degree of mitral regurgitation
between patients and changes of mitral regurgitation
over time in individual patients should be cautiously
interpreted.

The authors thank Drs Melvin Marcus and Donald
Brown for reviewing the manuscript.
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